Abstract Diverse preconditioning (PC) stimuli protect against a wide variety of neuronal insults in animal models, engendering enthusiasm that PC could be used to protect the brain clinically. Candidate clinical applications include cardiac and vascular surgery, after subarachnoid hemorrhage, and prior to conditions in which acute neuronal injury is anticipated. However, disappointments in clinical validation of multiple neuroprotectants suggest potential problems translating animal data into successful human therapies. Thus, despite strong promise of preclinical PC studies, caution should be maintained in translating these findings into clinical applications. The Stroke Therapy Academic Industry Roundtable working group and the National institute of Neurological Diseases and Stroke proposed working guidelines to improve the utility of preclinical studies that form the foundation of therapies for neurological disease. Here, we review the applicability of these consensus criteria to preconditioning studies and discuss additional considerations for PC studies. We propose that special attention should be paid to several areas, including (1) safety and dosage of PC treatments, (2) meticulously matching preclinical modeling to the human condition to be tested, and (3) timing of both the initiation and discontinuation of the PC stimulus relative to injury ictus.
Introduction
First described in heart [61] , preconditioning (PC) describes a phenomenon whereby a stimulus upregulates mechanisms in a tissue that protect against a subsequent more severe injury. Thus, in the brain, prior exposure to a short duration of ischemia protects against a longer duration of ischemia, so-called ischemic PC [17, 42, 64] . This effect can be also be induced pharmacologically by a wide range of agents, socalled pharmacological PC [15, 27, 64] . The original heart studies showed biphasic protection with an effect soon after the PC stimulus (classical or early PC) and an effect that takes hours to develop (delayed PC) relying on new protein production. In animal models of transient or permanent cerebral ischemia, the protective effects of delayed PC are marked. The early protective effects of PC are more variable, but have been shown in multiple studies [42, 64] .
The marked protective effects of PC have led to debate about how to translate these findings to the clinic. Three major issues have arisen in such discussions. (1) Safety. PC stimuli generally, if not always, act as a stressor to induce the protective response. This raises issues as to whether these can safely be given (and titrated) in patients. ( 2) Which neurological condition should PC be examined in? As the PC stimulus is given before the injury, there is a need to know when an injurious event will or might occur. (3) Multiple neuroprotectants have failed in clinical trials suggesting that either there are deficiencies in the animal stroke modeling or that there are problems with how the preclinical data are translated to the clinic. There is, therefore, a desire to learn from those failures in relation to any PC trial, particularly as failure of a PC clinical trial could significantly impact this promising line of investigation. This third point is the main focus of this paper. It should be noted that there are similar concerns in the cardiac literature where there have been many preclinical studies showing the efficacy of PC, but these have not translated to the clinic [54] .
This discussion is particularly pertinent now because of the finding that transient ischemia in a distant tissue can induce PC in brain and other tissues, so-called remote ischemic preconditioning (RIPC; [17, 33, 43] ). Thus, for example, periods of limb ischemia protect against cerebral ischemia [14, 39, 40, 58, 76] . This potentially greatly reduces PC-related safety concerns and has led to two pilot clinical studies examining RIPC in relation to the delayed cerebral ischemia that occurs in subarachnoid hemorrhage (NCT01158508 and NCT01110239; [4, 47] ).
Neuroprotection and the STAIR/RIGOR Criteria
A discussion of clinical application of PC of the brain requires some reflection on the vast experience gleaned from trials of neuroprotectants for treatment of ischemic stroke. Neuroprotection against ischemic stroke has occupied the front line of basic and clinical efforts over the last several decades. Basic scientific advances have highlighted the potential of using pharmaceutical and biological agents to reduce ischemic brain damage. Because of impressive preclinical results, many neuroprotective strategies have undergone clinical trial.
At least 1,026 neuroprotective stategies have been studied in preclinical work. In total, over 120 clinical trials of neuroprotectants for ischemic stroke have been conducted using an impressively diverse array of treatments. Notwithstanding laboratory successes, none of these lines of investigation have resulted in approved stroke treatments (extensively documented in multiple reviews including [29, 31, 86, 87] ). The lack of translational success in ischemic stroke prompted several thought leaders in the field to create in 1999 a set of guidelines that could be used to help select from the impressive number of promising preclinical agents that could be taken into clinical trials [21] .
These guidelines, written by the Stroke Therapy Academic Industry Roundtable (STAIR) working group, included the recommendations that preclinical stroke research determine: (1) dose-response curves, (2) therapeutic time windows in good animal models, (3) outcomes from blinded, physiologically controlled studies, (4) both histology and functional outcomes, (5) responses in gyrencephalic species, and (6) treatment effects in both transient and permanent occlusion stroke models.
The potential importance of these guidelines has been suggesting in several retrospective analyses. For example, a systematic review of over a thousand stroke experiments revealed poor overall adherence to STAIR principles [63] . Moreover, in an update to the original STAIR statement [22] , the committee noted that there was a significant trend that increased apparent efficacy of the same drug was found in studies that did not adhere to STAIR criteria, particularly in blinding of outcomes and randomization. A marked inverse correlation between adherence to quality metrics of preclinical testing and effect sizes has been observed for a number of neuroprotective strategies [13, 56, 57, 88] . As such, it has been proposed that the failure of clinical trials of neuroprotectants may be due to overestimates of effect sizes in suboptimal preclinical experiments.
Further improvements to the STAIR criteria have been discussed [20] , and in 2009 [22] , the STAIR committee updated their recommendations to include: (1) emphasis on randomization and reporting of exclusion of animals in studies, power calculations, better blinding of studies; (2) inclusion of animals with comorbidities similar to aging human stroke patients (hypertension, diabetes, hyperlipidemia); (3) inclusion of male and female animals and consideration of interactions between treatments and common medications; and (4) establishment of biomarkers that can be followed in human trials to indicate that specific therapeutic targets have indeed been modified.
The National Institute of Neurological Diseases and Stroke (NINDS) has also recognized a disconnect between preclinical data and clinical trial success and has recently proposed guidelines for evaluating preclinical data. These guidelines, sometimes referred to as RIGOR (DOI 10.1007/ s12975-012-0209-2), are meant to improve the quality of preclinical studies to increase likelihood of success of similar studies in humans and are meant to reflect similar summary recommendations from the clinical research community [82] . Peer reviewers that advise NINDS on funding decisions for preclinical study support have been encouraged to consider the following recommendations: (1) strict attention to model selection, endpoints, controls, and route, timing, and dosing of interventions with rigorous sample size and power calculations using explicit statistical methods for analysis; (2) minimization of bias by blinding, randomization, reporting of excluded data; (3) independent validation of results, dose-response reporting, and verification that intervention reached and engaged the target; and (4) adequate discussion of alternative interpretations, relevant literature review, estimate of clinical effect, and potential conflicts of interest.
An important addition of the RIGOR statement is that both positive and negative data for a therapeutic modality should be reported; this would certainly allow more rational choice of the best therapeutic candidates, assuming that publication bias is adequately avoided in a universal fashion. Significantly, for investigators, this statement signals that a major federal funding agency that has supported preclinical neuroprotection studies is explicitly encouraging adherence to STAIR-like criteria for funding decisions.
Both the STAIR criteria and the NINDS RIGOR recommendations are rational guidelines for prioritizing preclinical targets for ischemic stroke trials. But these criteria have yet to make a recognizable impact on clinical translation or trials. In fact, the clinical trials that followed preclinical work that has most faithfully adhered to the STAIR criteria did not fulfill the promise of experimental models (including the negative phase III NXY-059 trial [78] ). This indicates that additional criteria may be needed for optimizing preclinical testing before clinical trials are performed for an intervention.
Conversely, it may be argued that every STAIR and RIGOR recommendation may not apply directly to PC. For example, in RIPC, ischemic stress to the limb experimentally protects the brain from stroke. At least in animals, the intervention that shows benefit fails to reach and engage the target organ. The RIGOR criteria, in this case, would discourage the use of drugs that indirectly affect the brain or act on circulating cells and peripheral organs that secrete circulating substances that provide endogenous benefit. Similarly, there are potential PC clinical targets whose pathophysiology is not driven exclusively by ischemia (see below). For those, clearly, the stroke-specific components of the STAIR criteria (e.g., use of transient and permanent ischemia models) will not apply.
Where Are We in PC Preclinical Testing?
Although there is a mass of preclinical data supporting the effectiveness of PC stimuli in reducing ischemic brain damage, the extent of that data and potential deficiencies (with respect to STAIR criteria) varies with particular stimuli. For PC stimuli that are currently in clinical trials, many, but not all, of the STAIR criteria have been tested in preclinical models of disease ( Table 1 ). The criteria that have been addressed well include time window determination, histological/functional outcome assessment, blinding, and randomization. Other criteria, such as examination of PC effects in aged or hypertensive animals, have only been addressed for a small number of PC stimuli. Overall, satisfaction of the STAIR criteria for protection in ischemic stroke models ranges from 36 to 86 %, depending on the stimulus (Fig. 1) . The extent to which preclinical testing of different preconditioning (PC) stimuli meets the STAIR criteria for treatment of ischemic stroke. It should be noted that for remote ischemic PC (RIPC), there have been far more studies examining protection of tissues other than brain. This Table is limited to PC stimuli that have been or are being studied in humans. The list of references gives examples or reviews of studies on a particular form of PC. For the notes on blinding/randomization, a "yes" indicates that some studies have met those criteria. Some PC studies do not mention whether studies were performed on randomized animals or whether measurements were made by blinded observers
Three examples are given below of stimuli that have or are being examined in the clinic. It should be noted that while it may be possible to translate data from one form of PC to another, that is no means certain, e.g., if one form of PC is effective in a large gyrencephalic species, does that mean all forms of PC will be effective?
Direct ischemic PC (where the target tissue is made transiently ischemic) is the most widely studied PC stimulus [17, 25, 26, 42, 64] . It has been studied in different models of cerebral ischemia (permanent and transient; [42] ) using different endpoints (behavior and histology). Effectiveness has been demonstrated by multiple groups in multiple species, although there is little data on gyrencephalic species [42] . Yeh et al. reported ischemic PC in the gyrencephalic rabbit [103] , and Ara et al. reported hypoxic PC in the pig [3] . Although most studies have examined males, there is evidence for ischemic PC in female animals [1, 16] . There has been a considerable amount of work done on the duration of ischemia (with or without repetition) required to induce PC and the time course of that induction (e.g., [9] ), although there may be some difficulties in directly translating that data to humans (see below). One concern raised by the preclinical efficacy studies is that there is some evidence that stroke comorbidities, hypertension and aging, can impact the effectiveness of ischemic PC [35, 73, 81] .
However, how to induce direct ischemic PC safely and minimally invasively remains the major concern of using this approach clinically. This has led to considerable interest in the use of RIPC. However, there have been far fewer preclinical studies, and these have been predominantly in rat. They have shown RIPC protection against global [14, 79, 80, 101] and focal cerebral ischemia [58, 76, 98] . There have, though, been studies showing protection against global ischemia in mouse [75] and pig [39, 40] . Groups have shown both histological and neurological protection [58, 98] . The parameters to induce protection (length and frequency of RIPC) have been examined in those studies although, as with direct ischemic PC, caution may be needed in translating that data to human (see below). In addition, there have not been studies looking at the effects of gender and comorbidities in RIPC (at least with respect to cerebral ischemia).
Another form of PC stimulus is that induced by the volatile anesthetics, isoflurane, sevoflurane, xenon, and halothane [11, 15, 27, 92] . The PC effects of volatile anesthetics have been shown by multiple groups against global cerebral ischemia [5, 67, 106] as well as transient [12, 46, 50] and permanent [41, 49, 107] . Histological and behavioral endpoints have been used (e.g., [52, 104] ), and several species have been studied [42] , including the gyrencephalic dog [5] . The effects of isoflurane-induced PC may be less in female rats [46] , although the effects of xenon-induced PC were reported to be gender independent [52] . This requires further investigation, as do the effects of stroke comorbidities on efficacy. A major advantage of using volatile anesthetics for PC is that anesthesia can be used as a biomarker to indicate that appropriate drug levels have been reached in the brain.
Preclinical Data for Preconditioning: Special Requirements?
From the above description, it is evident that there is considerable preclinical evidence on PC with respect to the STAIR criteria. However, although the current STAIR [22] and RIGOR criteria broadly apply to PC studies, there are issues that require different emphasis (compared to other neuroprotectants), as discussed below.
1. Dosing/safety. The STAIR criteria for neuroprotectants note that preclinical studies should determine a minimum effective and a maximum tolerated dose [22] and that such studies should allow determination of a target concentration and whether such a concentration (at the target tissue) may be reached during clinical administration. This raises several issues with respect to PC. First, the range between minimum effective and maximum tolerated dose may be very narrow. PC stimuli mostly act by inducing cellular stress, raising the question of whether they may be causing some effect on cellular function, even if they do not cause permanent The extent to which preclinical testing of different PC stimuli meets the STAIR criteria. It should be noted that for remote ischemic PC (RIPC), there have been far more studies examining protection of tissues other than the brain. This figure is limited to PC stimuli that have been or are being studied in humans damage. Thus, for example, while a short duration of focal ischemia used to induce PC in the rat did not cause an infarct, it did cause behavioral deficits [38] . Second, some PC stimuli are not pharmacological, raising the question of how to titrate the stimulus "dose" between species? For ischemic PC, should the duration of transient vascular occlusion to induce PC be the same across species as it may well vary with collateral flow for both the duration required to induce PC and the duration that will cause injury? Third, matters are even more complicated with RIPC where the safety issue is thought to mostly reside in the limb being made transiently ischemic, but the efficacy is at a remote site, the brain. A maximum tolerated exposure to RIPC can be determined (number of ischemic events and duration of those events) by examining tissue parameters and, in humans, by direct patient communication [4, 47] . However, determining whether a particular form of RIPC will be sufficient to cause protection is more problematic without actually performing efficacy trials. It is tempting to translate data (number and duration of ischemic events) from animal studies to human. However, it should be noted that apart from other potential dissimilarities, the ratio of limb size to body weight can vary greatly between species. More data are needed on RIPC requirements across species. In addition, one method of potentially addressing this issue would be the development of biomarkers, e.g., are there factors in blood that can monitor the relative impact of RIPC regimens across species and in humans? 2. Translation of data between different forms of PC.
While studies demonstrating that multiple types of PC stimuli can protect the brain from injury serve to underline the therapeutic potential of PC, they do raise important questions. How do PC stimuli compare in terms of efficacy, ease of application, and safety? In general, there is a lack of direct data on this issue. Pera et al. [68] found that ischemic PC caused a greater reduction in infarct volume after transient focal cerebral ischemia than PC with 3-nitroproprionic acid, but Puisieux et al. [72] found a similar degree of protection with ischemicand lipopolysaccharide-induced PC. Comparisons of the effects of remote and direct ischemic PC would be very useful preclinical data for justifying RIPC use in clinical trials. The relative safety and ease of application are major factors driving the use of RIPC. Given the diversity of PC modalities and wide range of merits and potential safety concerns, studies that directly compare different PC treatments in the same injury model would be highly informative. 3. Therapeutic time window. One consideration in the STAIR criteria is the therapeutic time window, i.e., for how long after a stroke can treatment be given and still be protective, and for how long should a drug be administered [22] . For PC, there are different "time" considerations that should be examined for a potential stimulus. First, does the PC stimulus cause early and/ or delayed PC? Clinically, the former would be easier to implement (e.g., administration just prior to surgery rather than requiring patient access a day earlier), although that might be offset if delayed PC provides greater efficacy. The second is how long do the effects of PC last? One potential use of PC is as a prophylactic in patients who are at risk of a stroke (such as patients with a recent stroke; [42] ). The utility of such an approach depends on the duration of protection and, depending on the length of protection required, whether a PC stimulus can be re-administered and still be effective. Due to the considerable influence of timing on the efficacy of PC in animal models, it is essential that more sophisticated studies of onset and offset of PC treatments are performed; the breadth of these timing studies will very likely go beyond what is conventionally expected in the STAIR recommendations. 4. Comorbidities. One of the major recommendations of the STAIR criteria is the testing of potential therapeutics in models expressing relevant comorbidities. For example, for ischemic stroke, these include using aged, hypertensive, and diabetic animals. There are concerns comorbidities may reduce therapeutic effectiveness, concerns that also apply to PC. Thus, there is evidence that aging and hypertension blunt the protective effects of ischemic PC in the brain [35, 73, 81] and, in the heart, there is evidence that hypercholesterolemia, obesity, and diabetes reduce the effectiveness of PC [71, 77] . There is also a concern that a comorbid condition may of itself cause an upregulation of endogenous defense mechanisms so that a further PC stimulus is unable to cause further protection. While this has not been directly examined in the brain, there is evidence that some pathophysiological changes may induce PC. Thus, chronic cerebral hypoperfusion can act as a PC stimulus protecting against a later stroke [44] , and there is also some evidence that transient ischemic attacks may have the same effect [97] . Similarly, in a rat periodontitis model, the mild systemic inflammation protects against a later transient focal cerebral ischemia [70] . 5. Surgical interventions. The potential use of PC in relation to surgical interventions raises another issue that should be examined in preclinical studies, that is whether the current surgical practice may contain elements that may already act as a PC stimulus, thus negating the need (or effect) of another PC stimulus. For example, there is considerable evidence that volatile anesthetics (e.g., isoflurane) can induce PC [41] . It is also possible that transient applied vascular occlusions during surgery may also cause PC. It is, therefore, important to examine the effects of a PC stimulus in preclinical models that mimic as closely as possible any surgical intervention. 6. Translation between different "ischemia models." The effects of different PC stimuli have been examined in multiple preclinical models of cerebral ischemia. Thus, for example, ischemic PC has shown protection in global, transient focal, and permanent focal cerebral ischemia [25-27, 42, 64] . However, a question arises over whether those results can be translated to other conditions where there is an ischemic component to brain damage? For example, in traumatic brain injury, ischemia is thought to play a role in tissue damage, but the injury mechanisms are multifactorial (e.g., involving direct physical damage and hemorrhage; [55] ). Thus, it is important to examine the effects of PC directly in preclinical traumatic brain injury models, and there have been limited studies along those lines [53, 69] . Subarachnoid hemorrhage (SAH) is another condition with an ischemic component. There is an initial ischemic event at the time of hemorrhage and a delayed cerebral ischemia that develops days later in many patients. The use of PC to ameliorate this delayed ischemic injury has been the subject of two pilot clinical trials using RIPC (NCT01158508 and NCT01110239; [4, 47] ). It should be noted that we are using the term PC because the stimulus is being given before the delayed ischemic event, although it is being given after the initial SAH. Using RIPC in SAH addresses two of the major concerns about PC, safety and how to know when an ischemic event will occur. RIPC is thought to be generally safe, and the effects on the ischemic limb can be monitored [4, 30, 47] , and delayed cerebral ischemia is known to occur in a subset of SAH patients (∼30 %) during the first 2 weeks [90] . However, there is very limited preclinical data on the effects of PC on SAH [8, 65, 66, 89] , and the use of PC in this condition raises some specific issues. When the PC stimulus is given after the ictus, there is the possibility of the stimulus, usually a stressor, impacting and potentially worsening the initial injury. This requires further investigation. There is also some evidence that PC impacts the coagulation cascade with increased bleeding times [34, 85] . Although the effects are fairly small, the impact of PC on the chances of potential re-hemorrhaging requires further investigation. As noted above, the SAH often causes an initial ischemia which is then followed by a delayed ischemic event. It is possible that the initial ischemic event may induce protective mechanisms which serve to ameliorate the later ischemia, i.e., it may act as a PC stimulus. This may limit the ability of a further exogenous PC stimulus to induce protection. 7. Ischemia and intracerebral hemorrhage. As well as the plethora of preclinical data on the effects of PC on ischemic brain injury, there is also evidence that some PC stimuli may also protect against intracerebral hemorrhage-induced brain damage [28, 74, 99] . However, interestingly, a recent study of remote ischemic post-conditioning found no protective effect against intracerebral hemorrhage [24] , although that paradigm protects against ischemic brain damage. While it may not be essential to have preclinical data on whether a particular PC stimulus protects against both ischemiaand hemorrhage-induced brain injury, such data may extend the usefulness of that PC stimulus. For example, PC might be considered before a neurosurgical intervention that carries a risk of hemorrhage and ischemia or in patients with "mixed cerebrovascular disease" where both ischemic and hemorrhagic cerebrovascular disease co-exist [23] .
Overall, PC studies are distinguished from ischemic stroke neuroprotection research in a number of respects which necessitate added rigor in PC investigations. Foremost, in any clinical trial of neurological disease, safety is of utmost concern. Since PC generally induces cell stress responses that could damage a vulnerable brain, the therapeutic dosing window may be small and differ markedly across species.
Unlike neuroprotection studies for ischemic stroke, the menu of possible PC disease state targets is wide-ranging; this is evident from the enormous range of targets under preliminary investigation (see below). Variant experimental models of each of these disease states have been described, presenting an enormous challenge to interpretation of preclinical experiments. It is tempting to speculate that disease states with an ischemic pathophysiology are similar, but PC effects will likely differ in unexpected ways, and thus, minor variations between a disease model and the human condition could jeopardize the value of clinical outcomes studies.
Finally, the bimodal temporal dependency of PC that is broadly seen in neurological and non-neurological injury makes the therapeutic menu complex. When does one start and stop PC to derive maximal effects? Do different doses of PC have different time windows of efficacy? All of these questions bring up issues that go beyond the STAIR recommendations for ischemic stroke.
Where Are We with Clinical Testing?
A small number of human PC studies have now been reported for neurological conditions. Faries et al. have reported that a small number of patients undergoing carotid stenting who had ischemic symptoms after balloon occlusion of the carotid artery were able to tolerate subsequent occlusion just before stenting [18] . While observations like Search terms: "Preconditioning AND brain," "Preconditioning AND CNS," "Preconditioning AND stroke," "Preconditioning AND Hemorrhage," "Remote conditioning AND brain," and "Remote conditioning AND stroke" were used on Clinicaltrials.org on July, 29, 2012 . Ongoing and completed studies with neurological outcomes whose results have not been reported are listed a We only list neurological outcomes of each trial. We denote primary outcomes with (1), if there are no neurological primary outcomes, we list the neurological secondary outcomes denoted with (2) Transl. Stroke Res. (2013) 4:3-14 this are intriguing, data from randomized trials directly testing the effects of PC are few. A small number of preliminary trial results have been reported. Chan et al. [7] tested the effects of a brief 2-min artery occlusion prior to cerebral aneurysm clipping on brain tissue pO2 and pH; ischemic PC was found to benefit physiological parameters, suggesting a potential benefit. Alex et al. [2] tested whether hyperbaric oxygen before coronary artery bypass grafting (CABG) could prevent cognitive deficits after cardiac bypass and reported beneficial effects. A biomarker study by Li et al. has examined release of serum indicators of cardiac and neuronal injury after HBO preconditioning for CABG [51] .
Recently, a number of clinical studies of RIPC have been reported. Walsh et al. [91] have performed a safety-phase trial of RIPC using lower limb ischemia before carotid endarterectomy; no statistically significant differences were seen in a surrogate neurological outcome (delayed saccades), but the procedure appeared safe and viable for further testing. Hoole and colleagues found that RIPC prior to coronary artery stenting significantly decreased a combined cardiac and cerebral adverse effect endpoint [36] . Hu performed a study of RIPC (arm cuff) to prevent perioperative injury in cervical cord decompression. This study demonstrated decreased serum markers of neuronal injury and increase rate of recovery but did not show differences in electrophysiological transmission through the cord [37] . Recently, Koch and colleagues performed a phase Ib trial of RIPC after SAH and found that critically ill patients could tolerate lower limb ischemic procedures [47] ; this study may lead into larger, definitive trials.
According to ClinicalTrials.org, 23 clinical trials are currently being conducted for PC against neurological outcomes (Table 2 ). There is international interest in application of this concept as multiple trials are listed in North America, Europe, and Asia. A vast majority (17 of 23) of the clinical trials are using RIPC, perhaps driven by theoretical safety of this treatment compared to unknown risks of pharmacologic agents which may stress the brain directly. Hyperbaric oxygen and sevoflurane are being used in two pairs of trials, and another involves acupuncture. The diseases/conditions studied are heterogeneous, and include cardiac bypass surgery (the most common target; 11 of 23 trials), carotid surgery, coronary artery stenting, SAH, aneurysm treatment, cervical decompression surgery, and abdominal surgery. Many of the trials for cardiac surgery will measure both cardiac and neurological outcomes (as either a primary, combined, or secondary outcome).
Clinical targets that have not yet entered clinical trials but have previously been considered as potential targets [42] include: conditions in which traumatic brain injury is likely (combat, sports), general neurosurgical procedures of the brain, seizure-induced injury, and inflammatory conditions (meningitis and multiple sclerosis).
Relative strengths and limitations exist for all possible PC targets. In SAH, for example, neurological deficits and mortality are high, possibly reducing the number of subjects needed to test in clinical trials. On the other hand, PC stimuli must be applied to patients who have already experienced brain injury and, thus, some conditioning stimuli could actually be detrimental.
Cardiac surgery and carotid artery interventions, which impose a risk of cognitive impairment and stroke, are common procedures performed in a large number of centers, which potentially allows for large multicenter clinical trials that could accelerate study enrollment. Moreover, since surgery is planned in advance, careful pre-assessment of function using detailed cognitive profiles and advanced Recommended additions to the STAIR criteria for preclinical studies of preconditioning Item 1. Safety of preconditioning is extremely important, since many of these treatments activate cellular stress pathways. Investigators should bear in mind the likelihood that a narrow window of dosages will be effective; proper dosing in humans could differ significantly from those determined to be safe and effective in animals. As such development of biomarkers may be useful for translation of preclinical work to humans. Item 2. We recommend preconditioning trials in animals must model the human condition and circumstances as closely as possible. For example, a replicate of the preconditioning treatment should be tested in a mirrorimage animal model of the target human disorder or surgical condition. Item 3. We recommend careful delineation of the timing of preconditioning stimuli in preclinical studies. Both the onset and offset of the preconditioning stimulus needs to be determined; in addition, we advocate testing the relative effects of immediate or delay preconditioning in unique injury models to optimize success of clinical trials. Fig. 2 In addition to the STAIR criteria, three additional emphases of preclinical studies of preconditioning are discussed here. These directions of study are required because of differences between neuroprotection and preconditioning. The latter induces stress pathways and exhibits a biphasic temporal window of efficacy imaging studies followed by post-procedure reassessment may enable sensitive detection of incremental changes after surgery. But a potential limitation of cardiac and carotid surgery as PC targets is that the procedures have matured to the point where the complication rates are now low [19, 83] . This limits the power of a study and may necessitate a larger number of enrolled subjects.
Several trials are currently enrolling patients undergoing aneurysm repair. In one study, experimental PC with a mechanism-based peptide inhibitor of NMDA-induced neuronal injury is being tested for efficacy in prevention of radiological and functional damage after preplanned aneurysm treatment [87] . Investigators are measuring both clinical outcome measures and MRI lesions that may not be apparent using clinical examination. As a preplanned procedure, a withinsubject comparison of cognitive function and MRI is possible. Such studies could potentially be limited by the modest frequency of clinically apparent adverse consequences (5 %) but are balanced by the relatively high reported frequency of MRI lesions seen in this clinical context. The availability of even more sensitive biomarkers, made possible by advances in brain imaging, could improve the power of this and other PC studies.
Conclusion
In summary, preclinical studies have reproducibly revealed the potential of PC to prevent neuronal injury induced by multiple disease models. Application of this knowledge to clinical scenarios will be challenging, given the difficulties encountered in translational neuroprotection research. This past history of negative clinical studies, in combination with special requirements for fully characterizing PC treatments, has made it difficult for many to accept that PC is ready for large clinical trials.
A vote of attendants at the 2011 Translational Preconditioning Meeting at the University of Miami revealed a divergence of opinions about whether PC was ready to be tested in clinical trials. Some wondered, might equivocal or failed clinical studies based on incomplete preclinical data taint the water and reduce enthusiasm and funding for an otherwise promising field? Notwithstanding, a real world assessment of ongoing trials indicates that human trials are well underway. As the research community analyzes the results of these ongoing investigations, regardless of outcome, future studies will need to be conducted. A critical assessment of current preclinical data followed by design of new experiments that bring rigor and improved clinical relevance, which are now, more than ever, being stressed by the scientific community, will likely play a major role in the design of larger, pivotal studies.
The STAIR and NINDS RIGOR criteria present rational guides for translation of PC to the clinical arena, but we suggest that PC requires a number of additional considerations. In view of the importance of key differences between stroke neuroprotection and PC, we summarize our core recommendations in Fig. 2 . Among these, the three priority areas for special attention in preclinical PC experimentation include: (1) safety and dosage concerns, (2) choice of model to be tested and matching these models to a narrow clinical target, and (3) establishing critical time point information for maximal PC efficacy. We hope that attention to these factors will increase the probability that PC treatments will ultimately succeed at the bedside.
